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ABSTRACT
We describe the prospective work undertaken on an interferometric technique using polarimetry called SPIN
(Spectro-Polarimetric INterferometry). The polarizing phenomena described in this work have to be taken into
account by any stellar interferometer in order to control the fringe signal. Adding a polarimetric device at their
combined focus represents no technical diÆculty. The use of SPIN can extend interferometry by an important
complementary tool for locating and quantizing the mass loss from early type stars since these stars are subject
to strong Thomson scattering in their vicinity. As an illustration of the potential of SPIN, we present the
results of Monte-Carlo simulations showing the expected signal for realistic hot star environment. Radiative
winds ranging from A supergiants to earliest O stars are considered. In particular, the results show the strong
expected signal from spherical winds for which no detection of polarization is achievable by classical technics.
Keywords: Polarimetry, long baseline interferometry, hot stars
1. INTRODUCTION
Mass-loss is an intrinsic characteristic of hot stars which eject a strong wind during their whole short life.
Despite a great wealth of studies, the origin of this phenomenon remains poorly understood mainly due to
the diÆculties of classical observational techniques to spatially localize the multiple manifestations of mass-loss
events. Without spatial resolution, spectro-polarimetry represents one of the best suited techniques to study
mass-loss as the light from the central star can be strongly polarized by its circumstellar environment, mainly
by Thomson scattering.
The young technique of optical interferometry has proved its eÆciency to study and even monitor Be star
disks
1{4
and the environment of the LBV P Cyg.
5
For all these examples, spectro-polarimetry has brought
a complementary information of great interest, but the interpretation remained limited by averaging the po-
larized information over the eld of view and any observation of nearly symmetrical object provide an almost
undetectable signal. Within this context, it is very attractive to equip a long baseline interferometer with a
polarimetric mode.
Such attempts have been performed since the very beginning of interferometry. The unique Narrabri in-
tensity interferometer was used with a polarimeter in 1974 to give an estimate of the polarization-dependent
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diameter change of  Orionis,
6
but the signal-to-noise ratio (SNR) limitations were well above the expected
signal. The experiment was repeated in 1981 with the I2T interferometer on  Lyrae,
7
and in 1997 with the
GI2T on the Be star  Cassiopeiae.
8
These observations showed that instrumental polarization has to be
carefully studied and controlled
8
and the accuracy, and thus SNR requirements, are critical as the expected
signal is faint. For an extensive presentation of the state of art of SPIN (Spectro-Polarimetric INterferometry),
we refer to Rousselet-Perraut et al., these proceedings.
The rst theoretical studies on SPIN were performed parallel to the Narrabri Interferometer experiment.
Cassinelli & Homan
10
investigated the consequences of Thomson scattering around hot stars on the diameter
measurements in linearly polarized light (with a single baseline). In the outer regions of the star, the scattered
light becomes strongly polarized in a plane perpendicular to the direction of polarization. Owing to the spherical
symmetry of the photosphere, the local polarization integrated over the apparent disk cancels out, and no net
polarization can be observed by classical spectro-polarimetric technics (i.e., without spatial resolution). In
contrast to this, an interferometer in polarization mode can detect a signal due to its sensitivity to the polarized
ux in a preferred direction. The star appears smaller in the plane of polarization parallel to the baseline than
in the plane perpendicular to it. Rousselet-Perraut
11
performed a theoretical study of the SPIN observables
with of a crude model of spherical and elliptical scattering environments. The author also presents an adapted
methodology mandatory for such an observational task which is coherent with the results presented in this
paper.
2. THE MONTE-CARLO CODE
2.1. Presentation
The simulation of visibilities and polarimetric observables are based on radiative transfer simulations performed
with the Monte-Carlo radiative transfer code MC3D (Wolf et al.
12
; see also Wolf et al.,
13
Wolf & Henning
14
).
We assume a spherical, extended star which radiates isotropically, i.e., the radiation characteristic at each
point of the stellar surface follows the standard cosine law. The radiation eld of the star is partitioned into
"weighted photons" each of which is characterized by its wavelength and Stokes parameters. The interaction
of the stellar photons with the surrounding electron envelope is described by Thomson scattering. Due to
(multiple) scattering events the polarization state of the initially unpolarized photons is modied. In order
to derive spatially resolved images of the I, Q, and U Stokes vector components of the conguration, photons
leaving the electron envelope are projected onto observing planes oriented perpendicular to the path of the
photons. Since the optical depth in the electron envelope is  1, the enforced scattering concept introduced
by Cashwell & Everett
15
was applied in order to achieve a high signal-to-noise ratio for the simulated images
within a reasonable computing time. For a more extensive presentation of this code, we refer to Wolf, Henning,
& Stecklum, these proceedings.
2.2. Limits
In this study, we consider the ux emitted isotropically by the source. Cassinelli & Homan
10
demonstrated
that the ux in an extended atmosphere is strongly radially oriented so that the dilution of the polarization due
to the nite size of the star is lowered. Thus, in case of dense winds or supergiant stars (Sect 3.1), we underes-
timate the local polarization at the "photosphere" and within the rst few stellar radii where the apparent disk
of the star is non-negligible. In further studies, this eect will be partially taken into account.
Another important limitation is that our Monte Carlo radiation transfer code determines the polarization due
to multiple photon scattering by dust grains, but does not include the eects of continuous hydrogen absorption
and emission seen in disk-like circumstellar envelopes for example. Consequently, our modelling of a hydrogen
disk in Sect 3.2 results in an upper limit for the expected interferometric signal from an interferometer, espe-
cially for disk studies.
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3. VISIBILITY INFORMATION
3.1. Spherical winds
Almost all early-type stars have extended atmospheres and lose mass by a driven wind. In this section, we
consider a spherical wind (velocity eld), and we apply the following density law:
v(r) = v
1

1 
r
0
r


; (1)
where
r
0
= R

 
1 

v
0
v
1

1=
!
: (2)
In order to illustrate the expected signal from a spherical wind, we modelled the star  Puppis (HD 66811),
an early O4If supergiant. The simulation parameters are the following:
Distance D 430 pc
Stellar radius/angular diameter R

/ 17 R

/0.4 mas
Stellar temperature T

42000 K
Mass loss rate
_
M 6 10
 6
M

yr
 1
Terminal velocity/beta v
1
/ 2200 km s
 1
/1.05
Electronic optical depth 
e
0.21
Cassinelli & Homan
10
performed a very similar model taking also  Puppis as reference. They used a two-
component density model for which an extended atmosphere of total thickness 
e
=10 is connected to a ow
region with an optical thickness 
e
=0.19, which is close to our parameters. By performing a least-square t with
a uniform disks to the simulated visibilities, they expect a radius ratio between two perpendicular polarization
directions of 7%, and the apparent radius from a uniform disk t of the star emission is 12% larger than the
photosphere disk. Our result is more pessimistic since the expected ratio for this model is only 2%, and the
apparent radius amounts to 1.05 R

. The contribution from the extended atmosphere appears to be the largest
contribution to the polarized signal.
We have also performed a model of Deneb based on the exhaustive work of Aufdenberg et al..
16
This A
supergiant constitutes the cooler spectral type for detection of Thomson scattering in the wind.
Distance D 685 pc
Stellar radius/angular diameter R

/ 172 R

/2.4 mas
Stellar temperature T

8875 K
Mass loss rate
_
M 1 10
 6
M

y
 1
Terminal velocity/beta v
1
/ 225 km s
 1
/3
Electronic optical depth 
e
0.03
The optical depth due to electron scattering is about 7 times lower than for  Puppis, and the expected
ratio between two perpendicular directions of polarization does not exceed 0.5%. Also in this case, we expect
the results from our Monte-Carlo simulation to be a lower limit of the expected SPIN signal produced in the
extended atmosphere of this star, and the radius ratio between perpendicular polarizations can be of the order
of 1%. However, it must be pointed out that Deneb's H prole exhibits a lack of the broad emission wing seen
in the spectra of other supergiants, which are normally attributed to electron scattering.
In natural light we expect that the apparent diameter of Deneb remains identical whatever the baseline di-
rection on the sky. The quasi-sphericity of the envelope is well-established based on the absense of integrated
polarization and the absence of detectable variation of radius with baseline for interferometric measurements.
16
Consequently, we expect the same polarized signal from Deneb's wind for dierent baselines directions.
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Intensity map Strip intensity Visibility information
Figure 1. Expected polarization from the  Puppis wind model. Close to the photosphere, the wind density strongly
decreases following the rapid acceleration modelled by the  law. On the right, the intensity map I
1
6
(for illustrative
purpose) with overplotted polarization is presented (thick bar equal 100% polarization). The ux integrated in the
baseline direction for both polarization is plotted in the middle. On the right is showed the visibility signal for both
polarization (top), and their dierence (bottom).
Electron Density Law Strip intensity Visibility information
Figure 2. Expected polarization from the Deneb wind model. We have performed a t of the numerical electron density
law from Aufdenberg et al.
16
using the equation (1) (right). The signal expected from this simulation is weak, but still
detectable taking into account the brightness of this star.
Proc. of SPIE Vol. 4843     487
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12/13/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
i = 90
Æ
i = 45
Æ
i = 0
Æ
Vertical baseline
Horizontal baseline
Figure 3. Model of  Tau for 3 inclinations corresponding to 3 disk inclinations (columns). The upper subpanels
show the intensity maps on the sky with the overplotted polarization P. The thick bar represents a linear polarization
of 100%. The lower panels present the overplotted visibility curves for I-Q and I+Q maps, and their dierence for a
vertical (middle) and horizontal (bottom) baseline orientation. The diused ux from the envelope is 1.6% (i = 90
Æ
),
7% (i = 45
Æ
), and 7.5% (i = 0
Æ
) of the stellar light.
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3.2. Circumstellar disks
Be stars are hot and fast rotating stars surrounded by an extended circumstellar hydrogen envelope. One of
the challenging questions on Be stars is the geometry of their disk, and in particular their opening angle, about
which there is still an active debate. Most authors have considered geometrically thin disks (half opening angle
of 2-5
o
). Furthermore, interferometric observations have given upper limits of approximately 20
o
(Quirrenbach
et al.
2
). However, the hypothesis of such narrow disks face several problems, and the current set of observations
does not provide a unique interpretation on the circumstellar geometry.
The model from Waters
17
has been successfully used to explain the near and far IR observations and is coherent
also with polarization data (Cote & Waters,
18
Waters & Marlborough
19
). They model the disk as an equatorial
cone with a density law in the form  = 
0
r
 n
with the density gradient n (2 < n < 5), the density of the disk

0
, the disk radius R
d
, the viewing angle i, and the disk half-aperture  as main parameters. We performed
simulations of the polarized emission of Be star disks. These MC3D code simulations have been tested using as
reference the work from Wood et al.
20
(Fig. 8). We obtain very similar results for the integrated polarization,
(within less than 10%) taken into account that our density law is not exactly similar that used by Wood et al.
which allows a colatitude dependency of the density. However, their polar-to-equatorial density ratio of 1 : 10
3
is very strong, so that we can consider the two models as very close. It must be pointed out that in this study
the only emission process considered is the Thomson diusion.
In particular, we used as template the star  Tau (B1 IVe-sh star), which is a well studied case of edge-on Be star
(i ' 82
Æ
; Wood et al.
21
). We used a set of parameters close to Wood et al.,
21
i.e., R

= 6R

, T

= 2 10
5
K,
and for the the disk simulation, a very thin disk of opening angle of 3
o
, and density law which denes an optical
depth in the disk plane of about 
e
= 3 (density gradient n =  3).
In Fig 3 we present the expected interferometric signal for  Tau for dierent inclinations.
Fig. 4 illustrates the dierences and the complementarity between the polarimetric and interferometric
observables. We reproduce quantitatively the integrated polarization curve from Wood et al..
20
In edge-on
view, there is a strong decrease of the local polarization due to the highly optically thick line of sight (multiple
scattering). Nevertheless the integrated polarization is compensated by the higher asymmetry of the system
(right panel in the gure). We see also that the SPIN signal is still detectable on pole-on view and even slightly
larger than at i = 90
Æ
, the maximum location at i ' 65
Æ
being equivalent. The interferometer is very sensitive
to the large projected emitting surface of the pole-on view which compensates the lower local polarization.
4. GI2T OBSERVING PROGRAM
The GI2T-REGAIN spectro-interferometer is composed of two 1.5-m telescopes which can be displaced on a
North-South baseline spanning from 12 to 65m. The REGAIN beam combiner forms the interferometric focus
of the instrument. The visible focus is equipped with a dedicated visible spectrograph and two photon counting
detectors. A polarimetric mode can be inserted inside the REGAIN spectrograph and is removed (thanks to a
motorization) for visibility measurements in natural light. The polarimetric mode of REGAIN includes a quartz
Wollaston prism, and an input quarter-wave plate oriented at 45
Æ
with respect to Wollaston neutral axes which
can be inserted before the Wollaston prism for analyzing and recording the circularly polarized components. To
decouple the visibility measurements from the detector response, polarization states are switched. The Wollas-
ton prism can rotate up to 180
Æ
(this movement is motorized). For a complete optical scheme, see the Fig. 4 in
Rousselet-Perraut et al. (these proceedings).
The data reduction procedure
22
can be applied separately on both images, for independent visibility measure-
ments (amplitude and phase as a function of wavelength). We can also cross-correlate the images in both
polarizations for dierential measurements. This last procedure appears promising to greatly improve the sensi-
tivity on polarized signal. In any case the data reduction will take into account the observing procedure, which
has been dened for calibration and astrophysical purposes.
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Figure 4. Polarimetric and SPIN signal for various inclinations. In the middle the expected SPIN signal is shown,
represented by the maximum of the deviation curve (as show in Fig.1 and Fig.3). On the right the ratio of a uniform
diameter (UD) t on the polarized visibility curves r = V
I+Q
/V
I Q
is reported. The upper(lower) curve describes the
ratio for an horizontal r
H
(vertical r
V
) baseline. Due to the spherical symmetry, the pole-on signal is just inverted between
the baseline. At higher inclinations r
H
increases, but the vertical polarized signal disappears and r
V
reaches almost 1.
The curves are noisy because of the quality of the uniform disk t.
Name Distance Star angular SPIN amplitude SPIN amplitude Spectral Typ.
in pc diam. in mas V
k
  V
?
at 0.5m V
k
  V
?
at 0.66m Comments
 Cas 190 0.45 0.05-0.06 0.03-0.04 B0 IVe, i ' 45
Æ
 Tau 130 0.4 0.02-0.03 0.015-0.025 B4 IIIpe, i ' 82
Æ
 Tau 110 0.4 0.03-0.04 0.025-0.03 B7 IIIe, i ' 0
Æ
Deneb 685 2.4 0.01 0.01 A2Iae
 Lyr 370 0.2 ? ? B7Ve, i ' 90
Æ
, binary
So far, the simulated polarized signal has no dependence on wavelength. However, neutral hydrogen ab-
sorbs some light before and after scattering, and the envelope emission dilutes the polarization. We have
corrected semi-quantitatively our signal expectations for Be stars (as presented in Fig.3) by means of the
spectro-polarimetric data available for these stars.
23
As an example, the spatially integrated polarization of 
Cas declines from 0.6% at the Balmer jump, to reach 0.52% at 0.5m, and 0.4% at 0.66 m. This evolution
reects only the changes in free-bound opacity and free-free emission towards the envelope, and aects the local
polarization, and our SPIN signal. We have applied these spectro-polarimetric changes as correcting factor for
our estimation of the signal of  Cas and  Tau. For  Tau, only spectro-photometric data have been used
because the intrinsic integrated polarization of this star is almost zero due to probably a system inclination
close to pole-on.
The optimum baseline is the that for which the visibility is between 0.5 and 0.7. For  Cas and Deneb, the
corresponding baseline range is 20-40m (at 0.66m region) and 15-30m (at 0.5 m) and therefore well within
the baseline range of the GI2T (10-60m). For  Lyr, the optimum baseline depends on the complex geometry
of this binary star.
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